We performed electron energy-loss spectroscopy studies in transmission in order to obtain insight into the electronic properties of potassium intercalated coronene, a recently discovered superconductor with a rather high transition temperature of about 15 K. A comparison of the loss function of undoped and potassium intercalated coronene shows the appearance of several new peaks in the optical gap upon potassium addition. Furthermore, our core level excitation data clearly signal filling of the conduction bands with electrons.
I. INTRODUCTION
Organic molecular crystals-built from π conjugated molecules-have been subject of intense research for a number of reasons. [1] [2] [3] [4] Due to their relatively open crystal structure their electronic properties can be easily modified by the addition of electron acceptors and donors, which can lead to novel and, in some cases, intriguing or unexpected physical properties. A prominent example for the latter is the formation of metallic, superconducting or insulating phases in the alkali metal doped fullerides depending on their stoichiometry. [5] [6] [7] [8] In particular the superconducting fullerides have attracted a lot of attention, and rather high transition temperatures (T c 's) in e. g. K 3 C 60 (T c = 18 K) 9 , Cs 2 RbC 60 (T c = 33 K) 10 or Cs 3 C 60
(T c = 38 K 11,12 and T c = 40 K under 15 kbar 13 ) have been reported. In this context, further interesting phenomena were reported in alkali metal doped molecular materials such as the observation of an insulator-metal-insulator transition in alkali doped phthalocyanines 14 , a transition from a Luttinger to a Fermi liquid in potassium doped carbon nanotubes 15 , or the formation of a Mott state in potassium intercalated pentacene. 16 However, in the case of organic superconductors, no new systems with high T c 's similar to those of the fullerides have been discovered in the past decade. Recently, the field was renewed with the discovery of superconductivity in alkali doped picene with a T c up to 18 K. 17 Furthermore, after this discovery superconductivity was also reported in other alkali metal intercalated polycyclic aromatic hydrocarbons, such as phenanthrene (T c = 5 K) 18, 19 and coronene (T c = 15 K). 20 Motivated by these discoveries and numerous publications on picene, both experimental 17, [21] [22] [23] and theoretical [24] [25] [26] [27] [28] [29] [30] , the investigation of the physical properties of coronene in the undoped and doped state is required in order to develop an understanding of the superconducting and normal state properties.
The coronene molecule is made out of six benzene rings which are arranged in a circle as depicted in Fig. 1 left panel. In the condensed phase, coronene adopts a monoclinic crystal structure, with lattice constants a = 16.094Å, b = 4.690Å, c = 10.049Å, and β = 110.79
• , the space group is P2 1 /a, and the unit cell contains two inequivalent molecules. 31 The molecules arrange in a herringbone manner (cf. Fig. 1 ) which is typical for many aromatic molecular solids. Furthermore, coronene crystals show two structural phase transitions depending on pressure and temperature in the range between 140-180 K 32,33 and at 50 K.
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In this contribution we report on an investigation of the electronic properties of undoped Crystal structure of coronene.
and potassium doped coronene using electron energy-loss spectroscopy (EELS). EELS studies of other undoped and doped molecular materials in the past have provided useful insight into their electronic properties. [35] [36] [37] We demonstrate that potassium addition leads to a filling of the conduction bands and the appearance of several new low energy excitation. In addition, our analysis of the spectra allows a determination of the dielectric function of K doped coronene.
II. EXPERIMENTAL
Thin films of coronene were prepared by thermal evaporation under high vacuum onto single crystalline KBr substrates kept at room temperature with a deposition rate of 0.8 nm/min and a evaporation temperature of about 500 K. The film thickness was about 100 nm. These coronene films were floated off in destilled water, mounted onto standard electron microscopy grids and transferred into the spectrometer. Prior to the EELS measurements the films were characterized in-situ using electron diffraction. All observed diffraction peaks were consistent with the crystal structure of coronene. 20, 31 Moreover, the diffraction spectra show no significant pronounced texture which leads to the conclusion that our films are essentially polycrystalline.
All electron diffraction studies and loss function measurements were carried out using the 172 keV spectrometer described in detail elsewhere. 38 We note that at this high primary beam 3 energy only singlet excitations are possible. The energy and momentum resolution were chosen to be 85 meV and 0.03Å −1 , respectively. We have measured the loss function Im[-1/ǫ(q, ω)], which is proportional to the dynamic structure factor S(q, ω), for a momentum transfer q parallel to the film surface [ǫ(q, ω) is the dielectric function]. The C 1s and K 2p core level studies were measured with an energy resolution of about 200 meV and a momentum resolution of 0.03Å. In order to obtain a direction independent core level excitation information, we have determined the core level data for three different momentum directions such that the sum of these spectra represent an averaged polycrystalline sample.
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The core excitation spectra have been corrected for a linear background, which has been determined by a linear fit of the data 10 eV below the excitation threshold.
Potassium was added in several steps by evaporation from a commercial SAES (SAES GETTERS S.p.A., Italy) getter source under ultra-high vacuum conditions (base pressure lower than 10 −10 mbar) until a doping level of about K 3 coronene was achieved, which is reported to be the superconducting phase. 20 In detail, in each doping step, the sample was exposed to potassium for 5 min, the current through the SAES getter source was 6 A and the distance to the sample was about 30 mm. During potassium addition, the film was kept at room temperature.
In order to perfom a Kramers-Kronig analysis (KKA), the raw date have been corrected by substracting contributions of multiple scattering processes and elimination of contributions of the direct beam by fitting the plasmon peak with a model function.
40

III. RESULTS AND DISCUSSION
In the left panel of Fig. 2 we show C 1s and K 2p core level excitations of undoped and potassium doped coronene. These data can be used to analyze the doping induced changes and furthermore to determine the stoichiometry of the potassium doped coronene films.
Moreover, the C 1s excitations represent transitions into empty C 2p-derived levels, and thus allow to probe the projected unoccupied electronic density of states of carbon-based materials. [41] [42] [43] Both spectra were normalized at the step-like structure in the region between 291 eV and 293 eV, i. e. to the σ * derived intensity, which is proportional to the number of carbon atoms. For the undoped case (black circles), we can clearly identify a sharp and strong feature in the range between 284 -286 eV, and some additional small features at 286.1 eV, 286.9 eV, 288.6 ev and 290.2 eV as well as a broad excitation at ∼ 294 eV.
Below ∼ 291 eV the structures can be assigned to transitions into π * states representing the unoccupied electronic states. Also, because of the higher symmetry of the coronene molecules, compared to other carbon based materials like picene, we expect a degeneracy of the higher molecular orbitals which can be directly seen by the well separated features above 286 eV. Such a well pronounced structure representing higher lying molecular orbitals is very similar to what was observed for fullerene. [43] [44] [45] [46] When we focus at the dominating excitation feature right after the excitation onset, as shown in the right panel of symmetry) in this energy region. 49 Interestingly, a related fine structure was reported for picene both experimentally 21 and theoretically 50 which shows also superconductivity upon doping. The step-like structure above 291 eV corresponds to the onset of transitions into σ * -derived unoccupied levels.
Also in the case of potassium doped coronene (red open squares) the spectrum is dominated by a sharp excitation feature in the range between 284 -286 eV and, in addition, by K 2p core excitations, which can be observed at 297.2 eV and 300 eV, and which can be seen as a first evidence of the successful doping of the sample. In particular, the well structured K 2p core excitations signal the presence of K + ions, in agreement with other studies of potassium doped molecular films. 7,51,52 Their spectral shape is clearly different from the much broader and less structured K 2p core excitation spectrum of a pure potassium multiplayer. 53 We observe a clear broadening of the first C 1s feature which might arise from a change of the binding energy of the C 1s core levels because of the introduced potassium atoms as well as lifetime effects in the metallic doped coronene. Moreover, upon charging the coronene molecules will most likely undergo a Jahn-Teller distortion 54 , which leads to a splitting of the electronic molecular levels and thus a spectral broadening in our data. Also, band structure calculations of K 3 coronene 20 predict shifts of the conduction bands as compared to pristine coronene which would result in a broadening as seen in Fig. 2 .
Additionally, also a mixing of different phases, which we can not exclude, can result in a broadening of the C 1s signal.
Importantly, a clear reduction of the spectral weight of the first C 1s excitation feature is observed in Fig. 2 upon doping. Taking into account the four conduction bands that contribute to this intensity in the undoped case, this reduction is a clear signal for the successful doping. The stoichiometry analysis can further be substantiated by comparing the K 2p and C 1s core excitation intensities in comparison to other doped molecular films with known stoichiometry such as K 6 C 60 7 like in previous publications. 41, 51, 52 The results shown in the left panel of Fig. 2 indicate a doping level of K 2.8 coronene, which again is in very good agreement to the other results discussed above.
Doping of coronene also causes major changes in the electronic excitation spectrum as revealed in Fig. 3 , where we show a comparison of the loss functions in an energy range of 0-10 eV measured using EELS for different doping steps. These data are taken with a small momentum transfer q of 0.1Å −1 , which represents the optical limit. For undoped coronene, we can clearly identify two main maxima at about 4.3 eV and 6.9 eV, which are due to excitations between the occupied and unoccupied electronic levels. In addition, zooming into the energy region around the excitation onset in the experimental spectra reveals an optical gap of 2.8 eV (cf. Fig. 3 ). This onset also represents a lower limit for the band gap of solid coronene. The excitation onset of coronene is followed by five additional well separated features at 3 eV, 3.3 eV, 3.5 eV, 3.7 eV and 3.95 eV. The main features of our spectrum are in good agreement with previous EEL measurements in the gas phase 55, 56 and optical absorption data.
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In general, the lowest electronic excitations in organic molecular solids usually are excitons, i. e. bound electron-hole pairs. [59] [60] [61] [62] The decision criterion that has to be considered in order to analyse the excitonic character and binding energy of an excitation is the energy of the excitation with respect to the so-called transport energy gap, which represents the energy needed to create an unbound, independent electron-hole pair. Different values from 3.29 eV 47 up to 3.54 eV 63 and 3.62 eV 64 for coronene are published in previous publications.
Consequently, the lowest excitation that is observed can safely be attributed to a singlet exciton.
Upon doping, the spectral features become broader, and a downshift of the second, major excitation can be observed. We assign this downshift to a relaxation of the molecular structure of coronene as a consequence of the filling of anti-bonding π * levels. A direct assignment of the observed features however requires further investigations. In order to obtain deeper insight into potassium introduced variations, we have analyzed the measured loss function, Im(-1/ǫ), of doped coronene using a Kramers Kronig analysis (KKA). 38 This analysis has been carried out for a metallic ground state since the observation of superconductivity 20 as well as band structure calculations 49 signal such a ground state for the stoichiometry of K 3 coronene. Furthermore, the evolution of the loss function in Fig. 3 (left panel) indicates a filling of the former energy gap.
In Fig. 4 we present the results of this analysis in a wide energy range between 0 -40 eV.
The loss function (cf. and accordingly the optical conductivity, σ, (cf. Fig. 5 ), leads to the conclusion that the second spectral feature at 1.9 eV represents a collective excitation (density oscillation), and we assign it to the charge carrier plasmon of doped coronene.
To test the consistency of our KKA analysis we check the sum rules as described elsewhere. 67 An evaluation of this sum rule for the loss function and the dielectric function after our KKA results in a very good agreement of the two values and further with the value what is expected from a calculation of the electron density of doped coronene. Moreover, a further sum rule which is only valide for metallic systems can be employed 67 :
Here, after our KKA we arrive at a value of 1.562, very close to the expectation of ω = 0 we can derive the dc-conductivity of K 2.8 coronene of about 6300 Ω −1 cm −1 . We have additionally fitted the optical conductivity using a simple Drude-Lorentz model:
Within this model, the free electron contribution is described by the Drude part (ω D ,γ D ) and the interband transitions are represented by the Lorentz oscillators (f j , γ j and ω jo ).
The resulting fit parameters are given in Table I and are also shown in Fig. 5 as red line.
This Figure demonstrates that our model description of the data is very good. We note, that the result of our fit also describes ǫ 1 very well, which demonstrates the consistency of our description.
We arrive at an unscreened plasma frequency ω D of about 4.35 eV. Furthermore, we can compare this value with the plasma frequency which we expect if we take the additional six conduction electrons per unit cell (2 coronene molecules per unit cell) in K 3 coronene into account. We arrive at a value of 3.42 eV which is somewhat lower than what we have derived using our fit procedure. This might be related to an effective mass of the charge carriers in doped coronene, which is reduced as compared to the free electron value, m 0 . For related (undoped) organic crystals such as rubrene 68 also lower than m 0 has been deduced previously. Finally, a comparison of the unscreened and screened plasma frequencies can be used to derieved the averaged screening ǫ ∞ of the charge carrier plasmon 52 . This would give a value of ǫ ∞ ∼ ( 4.35 /1.8) 2 ∼ 5.8. We note however that this is a very rough approximation for K 3 coronene, since there are close lying interband excitations in the corresponding energy region.
IV. SUMMARY
To summarize, we have investigated the electronic properties of potassium doped coronene compared to undoped coronene using electron energy-loss spectroscopy in transmission. Core level excitation data signal the formation of a doped phase with a stoichiometry close to K 3 coronene, which is reported to be superconductive. The reduction of the lowest lying C 1s excitation features clearly demonstrates that potassium addition leads to a filling of the coronene conduction bands. Furthermore, the electronic excitation spectrum changes substantially upon doping. In particular, several new low energy features show up upon potassium intercalation, and one of these features can be associated with the charge carrier plasmon.
